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I n t r o d u c t i o n  -- 

A research  i n v e s t i g a t i o n  o f  a  new, f i x e d -  
geometry, hydrogen-burn ing s c r a m j e t  eng ine  concept,  
des igned f o r  t o t a l  a i r f r a m e  i n t e g r a t i o n ,  i s  c u r r e n t -  
l y  i n  p rog ress  a t  NASA's Lanq ley  Research Center ,  
Two h e a v i l y  i ns t rumen ted  eng ine models i n c o r p o r a t e  
i n l e t  and combustor des igns  deve loped p r e v i o u s l y  i n  
component t e s t s .  I n i t i a l  t e s t s  o f  t hese  subsca le  
eng ine models a r e  b e i n g  conducted i n  qround f a c i l -  
i t i e s  a t  c o n d i t i o n s  s i m u l a t i n g  f l i g h t  a t  Mach num- 
be rs  4  and 7. The s c r a m j e t  t e s t  r e s u l t s  wh i ch  a r e  
p resen ted  i n c l  ude i n l e t  performance, i g n i t i o n /  
r e a c t i o n  a i d s ,  i n l e t - c o m b u s t o r  i n t e r a c t i o n s ,  and 
eng ine per formance i n  terms o f  t h r u s t  ba lance  meas- 
urements and i n t e r n a l  p r e s s u r e  and h e a t i n g  r a t e  
d i s t r i b u t i o n s .  The r e l a t i o n s h i p  o f  t hese  r e s u l t s  
t o  f l  i a h t  eng ine per formance i s  d iscussed.  

Nomenclature 

S u b s c r i p t s  

a d j u s t e d  
c o r r  

i n j  
PI 
reac  
t 
1 
rr, 

geomet r i c  c a p t u r e  a rea  (normal t o  a i r -  
s t ream),  0.033 m2 

L, f o r ce  c o e f f i c i e n t  based on f o r c e  
L A c  
ba lance  AF 

Thrust, n e t  i n s t a l  l e d  t h r u s t  c o e f f i c i e n t  
"Ac 

i n l e t  h e i g h t  ( f i g .  10) .  cm 
i g n i t i o n  d e l a y  l e n g t h .  crn 

Mach number 
s t a t i c  Dressure .  k ~ / m '  
a i r s t r e a m  s t a g n a t i o n  p ressu re ,  MK/m 2 

a i r s t r e a m  dynamic p ressu re ,  kN/m 2 

w a l l  h e a t i n g  r a t e ,  M W / ~  
s t a t i c  temperature ,  K 
a i r s t r e a m  s t a g n a t i o n  temperature ,  K  

d i s t a n c e  f r o m  s c r a m j e t  s i d e w a l l  l e a d i n g  
edge ( f i g .  l o ) ,  cm 
d i s t a n c e  f r o m  s c r a m j e t  t o p  r u r f a c e  
( f i g .  l o ) ,  cm 
d i f f e r e n c e  i n  measured f o r c e  between f u e l  
on and f u e l  o f f ,  N 
f u e l  e q u i v a l e n c e  r a t i o  - r a t i o  of  f u e l  
f l o w  r a t e  t o  s t o i c h i o m e t r i c  f l o w  r a t e  
combust ion  e f f i c i e n c y  

ad. iusted t o  accoun t  f o r  unburned f u e l  
coF rec ted  t o  Tt = R90K and qm = 47.88 
k ~ / m 2  
i n j e c t e d  
i n j e c t e d  normal t o  a i r s t r e a m  a t  s t r u t s  
r e a c t e d  o r  burned 
t o t a l  
ups t ream o f  i n l e t  
ups t ream o f  a i r c r a f t  bow shock 
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A t  Pach numbers above 6, enq ine  c y c l e  s t u d i e s  
have shown t h a t  t h e  hydrogen-burn ing supe rson i c  
combus t i o n  r a m j e t  (scram j e t )  has un ique  performance 
advantages o v e r  o t h e r  a i r b r e a t h i n g  eng ines.  I n  
p a r t i c u l a r ,  t h e  a i r f r a m e - i  n t e g r a t e d  s c r a m j e t  now 
undergo ing e x t e n s i v e  r e s e a r c h  a t  NASA's Lang ley  
Research Center  has t h e  p o t e n t i a l  f o r  h i g h  t h r u s t  
and e f f i c i e n c  w i t h  l ow  drag,  w e i q h t ,  and c o o l i n g  
r e n u i  rements .$33 

I n  t h e  a i r f r a m e - i n t e g r a t e d  approach, seve ra l  
s c r a m j e t  modules wou ld  be p l a c e d  s i d e - b y - s i d e  on 
t h e  a i r f r a m e  u n d e r s u r f a c e  such t h a t  t h e  v e h i c l e  
f o rebody  p r o v i d e s  a  compress ion su r face  f o r  t h e  
eng ine a i r f l o w  and t h e  v e h i c l e  a f t  s e c t i o n  p r o v i d e s  
p a r t  o f  t h e  n o z z l e  expans ion s u r f a c e  ( f i g .  1 ) .  The 
s ide -by -s ide  g r o u p i n g  o f  t h e  modules p r o v i d e s  an 
enq ine i n l e t  capab le  o f  c a p t u r i n g  a  l a r q e  p o r t i o n  of  
t h e  f l o w  compressed b y  t h e  a i r c r a f t  bow shock. 
Another  advantage o f  t h e  modular  arrangement i s  t h a t  
a  s i n g l e  module i s  o f  a  s i z e  and shape more s u i t e d  
t o  t e s t i n q  i n  qround f a c i l i t i e s .  

The f i xed -qeomet ry  i n l e t  o f  t h e  scrarn je t  has 
48" swept s u r f a c e s  and a  cu tback  cowl ( f i g .  2 )  wh i ch  
p e r m i t s  i n c r e a s e d  f l o w  s p i l l a g e  and i n l e t  s t a r t i n g  
a t  l o w  f l i g h t  Mach numbers. I n l e t  compression i s  
p r o v i d e d  by t h e  s i d e w a l l s  i n  t h e  h o r i z o n t a l  d i r e c -  
t i o n  as opposed t o  t h a t  p r o v i d e d  by  t h e  a i r c r a f t  
f o rebody  i n  t h e  v e r t i c a l  d i r e c t i o n .  The i n l e t  com- 
p r e s s i o n  process i s  comple ted by  t h r e e  48" swept 
s t r u t s  ( f i g .  2 )  wh i ch  r e s u l t s  i n  a  s h o r t e r  i n l e t .  
P rev ious  i n l e t  component t e s t s 4 ,  i n  c o n v e n t i o n a l  
ground f a c i l i t i e s  a t  s i m u l a t e d  f l i g h t  Mach numbers 
f r om 3 t o  7, have demonst ra ted per formance r i v a l i n g  
v a r i a b l e  neometry i n l e t s  ( f i g .  3 ) .  

The t h r e e  swept s t r u t s  a r e  a l s o  used f o r  m u l t i -  
p lane,  i n s t r e a m  f u e l  i n j e c t i o n  wh i ch  p e r m i t s  a  
s h o r t e r  combustor because o f  f a s t e r  f u e l - a i r  m ix -  
ing.2 E x t e n s i v e  d i r e c t - c o n n e c t  t e s t s  o f  t h e  scram- 
j e t  f u e l  i n  'ec tor -combustor  concep t  have been 
pe r fo rmed5- j  and t e s t s  c o n t i n u e  i n  an e f f o r t  t o  
r e f i n e  t h e  concept .  Combustor h e a t  r e l e a s e  i s  con- 
t r o l l e d  by m o d u l a t i o n  o f  p e r p e n d i c u l a r  and p a r a l l e l  
f u e l  i n j e c t i o n  f r o m  t h e  ~ t r u t s . ~  A t  h i g h  f l i g h t  
Mach numbers (Ym > 7 ) ,  most o f  t h e  f u e l  wou ld  be 
i n j e c t e d  normal t o  t h e  a i r s t r e a m  t o  ach ieve  r a p i d  
m i x i n g  and bu rn ing ;  however, a t  l o w e r  Mach numbers 
( M  r 5),  most o f  t h e  f u e l  wou ld  be i n j e c t e d  p a r a l -  
1eT t o  t h e  a i r s t r e a m  t o  p r e v e n t  e x c e s s i v e l y  r a p i d  
m i x i n q  and b u r n i n g  wh ich  c o u l d  t h e r m a l l y  choke the  
engine. 

The m a j o r  p o r t i o n  o f  t he  s c r a m j e t  n o z z l e  i s  a 
h a l f  n o z z l e  formed by t h e  a i r c r a f t  a f t  end ( f i g .  1 ) .  
C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  n o z z l e  area r a t i o  
~ r o v i d e  by t h e  a i r c r a f t  i n c r e a s e s  t h r u s t  s i o n i f i -  
cant1"-.' The n o z z l e  f l o w  i s  supe rson i c  t h roughou t  
and i s  c o m p l i c a t e d  by  nonun i f o rm e n t r a n c e  f l o w ,  by 
mul t i -component  r e a c t i n g  spec ies ,  by i n t e r n a l  shock 
and v i scous  e f f e c t s ,  by  i n t e r a c t i o n s  a t  t h e  n o z z l e  
e x i t  between a d j a c e n t  module wakes, and by  i n t e r -  
a c t i o n s  \,itll r l t ~ 4 b r  , - p i l 71 -d  f t . r v  : h ~  enoine i n l e t .  



9 The n o z z l e  i s  b e i n g  s t u d i e d  a n a l y t i c a l l y  and exper -  
imen ta l  t e s t s  i n c l u d e  simu t i o n  o f  t h e  n o z z l e  f l o w  
w i t h  gases o t h e r  than a i r .  18 . 

Us ing  r e s u l t s  f r o m  t h e  component t e s t s  and 
f rom t h e o r e t i c a l  gu ide1 i nes ,  two hydrogen-burn ing,  
componen t - i n teg ra t i on  models o f  t h e  a i r f r a m e -  
i n t e g r a t e d  s c r a m j e t  have been des igned and f a b r i -  
ca ted.  These models i n c l u d e  t h e  comple te  module 
i n l e t  and combustor b u t  o n l y  t h e  i n i t i a l  p a r t  o f  
t h e  nozz le ,  i.e., n o z z l e  e x i t  a rea i s  a p p r o x i m a t e l y  
equal  t o  t h e  i n l e t  area. 

The purpose o f  t h e  eng ine  model t e s t  program 
i s  t o  p e r f o r m  resea rch  on t h e  a i r f r a m e - i n t e g r a t e d  
s c r a m j e t  concep t  as opposed t o  demons t ra t i  on t e s t s  
o f  a  deve loped engine. T h i s  resea rch  i s  underway 
w i t h  t e s t s  o f  t h e  i n l e t - c o m b u s t o r  module i n  ground 
f a c i l i t i e s  a t  s i m u l a t e d  f l i g h t  Mach numbers o f  4 and 
7. These t e s t  Mach numbers were chosen because t h e y  
p r o v i d e  d a t a  r e p r e s e n t a t i v e  o f  eng ine o p e r a t i o n  o v e r  
a  b roade r  Mach number range. F o r  i ns tance ,  a t  Mach 
4, most o f  t h e  f u e l  i s  i n j e c t e d  p a r a l l e l  t o  t h e  a i r -  
f l ow ,  b u t  a t  Mach 7 (and above) most  o f  t h e  f u e l  i s  
i n j e c t e d  p e r p e n d i c u l a r  t o  t h e  a i r f l o w .  I n  a d d i t i o n ,  
a t  Mach 4, i n l e t  s p i l l a g e  i s  l a r g e  ( z  34%) w h i l e  a t  
Mach 7, i n l e t  s p i l l a g e  i s  sma l l  (z 6 % ) ,  

Severa l  problems r e l a t e d  t o  f a c i  1  i t y  1  i m i  t a -  
t i o n s  may be a n t i c i p a t e d  i n  t hese  t e s t s  wh ich  wou ld  
n o t  n e c e s s a r i l y  be expe r i enced  i n  f l i g h t ,  Fo r  
i ns tance ,  f a c i  1  i t y  power requ i remen ts  ( e s p e c i a l l y  
a t  Mach 7 )  l i m i t  b o t h  t h e  s c a l e  o f  t h e  model t h a t  
can be t e s t e d  and t h e  f l i g h t  a l t i t u d e  t h a t  can be 
s imula ted,  These l i m i t a t i o n s  can l e a d  t o  i g n i t i o n  
and r e a c t i o n  problems because o f  s h o r t  r es idence  
t imes  i n  subsca le  models and l o n g  i g n i t i o n  and 
r e a c t i o n  t imes  a t  h i g h  s i m u l a t e d  a l t i t u d e s .  

The p o s s i b i l i t y  o f  i n t e r a c t i o n  problems between 
t h e  i n l e t  and combustor may a l s o  be a n t i c i p a t e d  when 
these two components a r e  i n t e g r a t e d  f o r  t h e  f i r s t  
t ime.  The eng ine  model t e s t s  w i l l  p r o v i d e  i n fo rma-  
t i o n  t o  gu ide  f u r t h e r  component t e s t s  t o  improve 
i n l e t  and combustor des ign.  The t e s t  program i s  
p lanned t o  c o n t i n u e  th rough  s e v e r a l  eng ine  genera- 
t i o n s  as component i n t e r a c t i o n s  a r e  e l i m i n a t e d  and 
t h e  i n l e t ,  combustor,  and f u e l  i n j e c t o r  concepts  a r e  
r e f i n e d  t o  o p t i m i z e  s c r a m j e t  performance. 

T h i s  paper  i s  a  s t a t u s  r e p o r t  on t h e  resea rch  
i n v e s t i g a t i o n  o f  t h e  a i  r f r a m e - i n t e g r a t e d  sc ram je t .  
A f t e r  a  d e s c r i p t i o n  o f  t h e  s c r a m j e t  models and t h e  
t e s t  f a c i  1  i t i e s ,  t h e  t e s t  program i s  d i scussed  f rom 
i t s  i n c e p t i o n  i n c l u d i n g  i n l e t  performance, tech-  
n iques t o  enhance i g n i t i o n  and r e a c t i o n ,  i n l e t -  
combustor i n t e r a c t i o n s ,  and s c r a m j e t  per formance f o r  
v a r i o u s  f u e l  equ i va lence  r a t i o s ,  

Apparatus 

Models 

Two s c r a m j e t  eng ine  models have been used i n  
t h e  Mach 4  and 7  t e s t s .  Both  have r e c t a n g u l a r  f r o n -  
t a l  a reas 20.32 cm h i g h  by  16,26 cm w ide  and t h e i r  
l e n q t h s  a r e  142.2 cm and 151.1 cm, r e s p e c t i v e l y .  
The eng ine  which has been t e s t e d  a t  s i m u l a t e d  Mach 
7  f l i g h t  c o n d i t i o n s  i s  c o n s t r u c t e d  o f  copper  and i s  
p r i m a r i l y  h e a t - s i n k  c o o l e d  w i t h  w a t e r  c o o l i n g  o n l y  
i n  h i g h  hea t  f l u x  areas such as l e a d i n g  edqes. l l  
The eng ine wh ich  has been t e s t e d  a t  s i m u l a t e d  Mach 
4  f l i g h t  c o n d i t i o n s  i s  c o n s t r u c t e d  f r o m  N i c k e l  200 

and i s  a  h e a t - s i n k  enq ine w i t h  no a c t i v e  c o o l i n g .  
Both  ena ines a r e  h e a v i l y  i n s t r u m e n t e d  t o  measure 
i n t e r n a l  w a l l  s t a t i c  p ressu res ,  temperatures ,  and 
h e a t i n g  r a t e s  (copper  eng ine  o n l y ) .  E x t e r n a l  
i n s t r u m e n t a t i o n  c o n s i s t s  o f  p ressu res  measured on 
f o r w a r d - f a c i n g  s u r f a c e s  and on t h e  base o f  t h e  
engine. I n  a d d i t i o n ,  b o t h  models a r e  mounted i n  t h e  
t e s t  f a c i l i t i e s  on one-component f o r c e  ba lances t o  
measure t h r u s t  and drag. A  photograph o f  t h e  copper  
eng ine w i t h  t h e  e x t e r n a l  cove r  p l a t e s  removed, expos- 
i n g  t h e  i n s t r u m e n t a t i o n  l e a d s  and c o o l i n g  l i n e s ,  i s  
shown i n  f i g u r e  4 and t h e  n i c k e l  eng ine  i s  shown i n  
f i g u r e  5. 

Bo th  eng ines a r e  des igned as r e s e a r c h  models t o  
a l l o w  s u b s t i t u t i o n  o f  components wh i ch  v a r y  i n  i n -  
t e r n a l  shape. Fo r  i n s t a n c e ,  t h e  i n l e t ,  combustor,  
nozz le ,  and f u e l  i n j e c t i o n  s t r u t s  can each be 
r e p l a c e d  w i t h o u t  a f f e c t i n q  t h e  o t h e r  components. 
Thus, t h e  models can se rve  as t e s t  beds f o r  v a r i o u s  
component des igns  w i t h o u t  h a v i n g  t o  b u i l d  a  com- 
p l e t e l y  new model. 

The i n l e t  des igns o f  t h e  two eng ines a r e  q u i t e  
s i m i l a r  e x c e p t  t h a t  t h e  n i c k e l  eng ine  employs a  
"drooped" i n t e r n a l  cowl s u r f a c e  t o  r e l i e v e  t h e  
amount o f  l o c a l  f l o w  compression i n  t h e  cowl reg ion .  
T h i s  i s  most  i m p o r t a n t  a t  Mach numbers be low 5. 
I n t e r n a l  a rea d i s t r i b u t i o n s  a f t  o f  t h e  i n l e t  a r e  
somewhat d i f f e r e n t  w i t h  t h e  n i c k e l  eng ine  i nco rpo -  
r a t i n g  an updated combustor des ign.  A comparison 
o f  t h e  i n t e r n a l  geometr ies  o f  t h e  two eng ines  i s  
shown i n  f i g u r e  6. The combustor expans ion beg ins  
e a r l i e r  i n  t h e  n i c k e l  eng ine  w i t h  l e s s  expans ion 
o c c u r r i n g  on t h e  s i d e w a l l s  and l e s s  compress ion on 
t h e  t o p  su r face .  

T e s t  Fac i  1  i t i e s  

The f a c i l i t i e s  used f o r  Mach 4 and 7 s c r a m j e t  
t e s t s  a r e  shown i n  t h e  photographs i n  f i g u r e s  7  and 
8, r e s p e c t i v e l y ,  and a schemat ic  of t h e  Mach 7 t e s t  
arrangement i s  shown i n  f i g u r e  9 (Mach 4 arrangement 
i s  s i m i l a r ) .  The Mach 4 f a c i l i t y  i s  l o c a t e d  a t  t h e  
General  A p p l i e d  Sc ience L a b o r a t o r i e s  (GASL) i n  
Westbury, N.Y., and t h e  Mach 7 Sc ram je t  T e s t  F a c i l -  
i ty i s  l o c a t e d  a t  NASA's Lang ley  Research Center .  
Bo th  f a c i  1  i t i e s  i n c o r p o r a t e  s e v e r a l  f e a t u r e s  essen- 
t i a l  t o  a i r f r a m e - i n t e g r a t e d  s c r a m j e t  t e s t s .  

F i r s t ,  t h e  e n t h a l p y  l e v e l s  o f  Mach 4  ( T  = 890K) 
and Yach 7 (T  = 2220K) f l i g h t  a r e  d u p l i c a t e $  i n  t h e  
f a c i l i t i e s .  T h i s  i s  accompl ished i n  t h e  Mach 4  
f a c i  1  i t y  by  h y d r o g e n - a i r  combust ion  w i t h  oxygen 
rep len i shmen t  t o  r e p l a c e  t h a t  used i n  h e a t i n g  t h e  
t e s t  stream. T h e r e f o r e ,  t h e  t e s t  s t ream c o n t a i n s  
wa te r  vapor as w e l l  as n i t r o g e n  and oxygen. As w i l l  
be e x p l a i n e d  l a t e r ,  t h e  Mach 4  f a c i l i t y  was ope ra ted  
a t  t o t a l  e n t h a l p i e s  above t h e  Mach 4  e n t h a l p y  l e v e l  
f o r  some o f  t h e  t e s t s  r e p o r t e d  here.  Mach 7 e n t h a l -  
py i s  ach ieved  by  h e a t i n g  t h e  a i r  w i t h  a  10 megawatt 
d.c. e l e c t r i c  a rc .  

Second, t he  f a c i l i t i e s  s i m u l a t e  t h e  bow shock 
precompress ion t h a t  wou ld  o c c u r  i n  f l i g h t  p r i o r  t o  
t h e  a i r  e n t e r i n g  t h e  eng ine.  The forebody p re -  
compression i s  s i m u l a t e d  by expand ing  t h e  Mach 4  
and 7  energy  f l o w s  t o  o n l y  3.4 and 6, r e s p e c t i v e l y ,  
a t  t h e  e x i t s  o f  t h e  f a c i l i t y  con tou red  nozz les .  
However, t h e  enq ine  n o z z l e  expans ion area p r o v i d e d  
by t h e  a f t  s e c t i o n  o f  t h e  a i r c r a f t ,  wh i ch  accounts  
f o r  30 t o  50 p e r c e n t  o f  t h e  n e t  t h r u s t ,  i s  n o t  s im- 
u l a t e d  i n  t h e  t e s t s .  



T h i r d ,  t h e  models can be mounted i n  t h e  f a c i l -  
i t y  t e s t  s e c t i o n s  so t h a t  a  p o r t i o n  o f  t h e  f a c i l i t y  
nozz le  t o p  s u r f a c e  boundary l a y e r  i s  i n g e s t e d  by 
t h e  s c r a m j e t  ( f i g ,  9). T h i s  p a r t i a l l y  s imu la tes  
t h e  i n g e s t i o n  o f  t h e  a i r c r a f t  unde rsu r face  boundary 
l a y e r  by a  f l i g h t  engine. 

Four th ,  t h e  i n s t a l l e d  t h r u s t i d r a g  o f  t h e  scram- 
j e t  eng ine models i s  measured by t h e  f o r c e  balances. 
The measured d rag  i s  a c t u a l l y  somewhat h i g h  r e l a t i v e  
t o  t h a t  expected i n  f l i g h t  s i n c e  o n l y  one module i s  
i n v o l v e d  and d rag  f rom two e x t e r n a l  s i d e w a l l s  i s  
i nc luded ,  I n  f l i g h t ,  a  g roup ing  o f  seve ra l  modules 
would o n l y  have two e x t e r n a l  s i d e w a l l s .  

The Mach 4  f a c i l i t y  s t a  n a t i o n  p ressu re  ranged 9 f r om 0,38 M N / ~  t o  0.70 MN/m . T h i s  s i m u l a t e d  
f l i g h t  a l t i t u d e s  f rom 21,000 t o  25,000 m, i.e., 
f l i g h t  dynamic pressures f rom 52,7 t o  28.5 k ~ / m 2  
which covers  t h e  eng ine des ign  f l i g h t  dynamic p res -  
sure, 47.9 k ~ / m 2 .  The Mach 7  f a c i l i t y  s t a g n a t i o n  
p ressu re  was 3.04 M N / ~ .  Due t o  p r e s e n t  f a c i l i t y  
power l i m i t a t i o n s ,  t h e  eng ine t e s t s  s i m u l a t e d  o n l y  
40 p e r c e n t  (19.2 k ~ / m 2  o r  35,350 m a1 t i t u d e )  o f  t h e  
eng ine des ign  f l i g h t  dynamic pressure,  A more de- 
t a i l e d  d e s c r i p t i o n  o f  t h e  Mach 7  f a c i l i t y  can be 
found i n  r e f e r e n c e  12, 

Mach 7  Sc ramje t  Tests  

N i n e t y  t e s t s  have been conducted on t h e  scram- 
j e t  i n  t h e  Mach 7  f a c i l i t y  between A p r i l  1977 and 
February 1979, E a r l y  t e s t s  w i t h o u t  f u e l  i n j e c t i o n  
were used t o  v e r i f y  t h a t  t h e  i n l e t  s t a r t e d  and t h a t  
performance was t h e  same as i n  p r e v i o u s  componen,t 
t es t s .13  The v e r i f i c a t i o n  i s  shown i n  f i g u r e  10 by 
the  e x c e l l e n t  agreement between da ta  f rom t h e  eng ine 
t e s t s  and d a t a  f rom t h e  i n l e t  component t e s t s .  Data 
a r e  i n  c l o s e  agreement w i t h  t h e o r e t i c a l  es t ima tes13  
o f  i n l e t  p ressu res  excep t  nea r  t h e  cowl where a  
shock i s  generated by downf low f r o m  t h e  swept i n l e t  
shocks. 

E a r l y  i n  t h e  t e s t  s e r i e s ,  a  f a c i l i t y - m o d e l  
i n t e r a c t i o n  was observed. Dur ing  t h i s  i n t e r a c t i o n ,  
wh ich was caused by combust ion o f  t h e  hydrogen f u e l ,  
t h e  t e s t  c a b i n  p ressu re  around t h e  model increased.  
T h i s  generated shock waves from t h e  f a c i l i t y  n o z z l e  
wh ich  impinged on f o r w a r d - f a c i n g  su r faces  o f  t h e  
engine, caus ing  i nc reased  d r a g  and, a t  h i g h  f u e l  
f lows, o f t e n  r e s u l t e d  i n  i n l e t  u n s t a r t s .  T h i s  p ro -  
blem was so l ved  by f a c i l i t y  and t e s t  procedure 
m o d i f i c a t i o n s ,  

The remainder  o f  t h e  t e s t s  have been concerned 
w i t h  techn iques t o  ach ieve  i g n i t i o n  and s u s t a i n  
r e a c t i o n ,  t o  e l i m i n a t e  i n l e t - c o m b u s t o r  i n t e r a c t i o n s ,  
and t o  i nc rease  eng ine  performance. I n  t h e  Mach 7  
t e s t s  r e p o r t e d  here, o n l y  hydrogen fue l  i n j e c t i o n  
f rom t h e  s t r u t s  p e r p e n d i c u l a r  t o  t h e  a i r f l o w  was 
employed. Fuel temperature  v a r i e d  f r o m  430-640K 
(as a  f u n c t i o n  o f  f u e l  f l o w  r a t e )  due t o  aerodynamic 
h e a t i n g  of  t h e  s t r u t s .  

&ni t i o n / R e a c t i o n  A ids  

D i f f i c u l t y  i n  a c h i e v i n g  i g n i t i o n  and s u s t a i n i n g  
r e a c t i o n  was encountered immed ia te l y  i n  t he  Mach 7  
t e s t s .  As ment ioned i n  t h e  I n t r o d u c t i o n ,  f a c t o r s  
c o n t r i b u t i n g  t o  i g n i t i o n  d e l a y  a r e  t h e  sma l l  eng ine  
s c a l e  and l ow  combustor en t rance  p ressu re  l e v e l  due 
t o  h i g h e r  a l t i t u d e  f l i g h t  s i m u l a t i o n  than  t h a t  f o r  

wh ich t h e  eng ine was des igned ( a t  combustor en- 
t rance :  p  n 29.2 kN/m2; T  = 8 6 0 ~ ) .  I n t e r n a l  
eng ine geometry can a l s o  be a  f a c t o r  by f a i l i n g  t o  
m a i n t a i n  p ressu re  l e v e l s  h i g h  enough t o  s u s t a i n  
r e a c t i o n .  Low f u e l  temperature  and low engine w a l l  
temperatures a l s o  a c t  t o  aggravate  i g n i t i o n  and 
r e a c t i o n  problems i n  t h e  h e a t - s i n k  eng ine r e l a t i v e  
t o  a  r e g e n e r a t i v e l y  coo led  f l i g h t  eng ine.  

Severa l  s imp le  techn iques were employed i n  an 
a t t e m p t  t o  ach ieve  i g n i t i o n  and s u s t a i n  r e a c t i o n .  
These techn iques a r e  n o t  n e c e s s a r i l y  s u i t a b l e  f o r  a  
f l i g h t  eng ine,  b u t  were used i n  t h e  resea rch  model 
s i m p l y  as q u i c k  and easy means t o  i g n i t e  and burn 
the  f u e l  so t h a t  t h e  t e s t  program c o u l d  proceed t o  
e x p l o r e  o t h e r  p o t e n t i a l  p rob lem areas i n  t he  a i r -  
f r a m e - i n t e g r a t e d  s c r a m j e t  concept,  

One i g n i t i o n  techn ique  i n v o l v e d  add ing  a t t a c h -  
ments t o  t h e  c e n t e r  s t r u t  a f t  end t o  decrease f l o w  
expansions j u s t  downstream o f  f u e l  i n j e c t i o n  and 
the reby  i nc rease  s t a t i c  p ressu re  and temperature  i n  
t h i s  reg ion .  These a t tachments  a1 so i nc reased  t h e  
s c a l e  o f  t h e  s t r u t  base reg ion .  Two such a t t a c h -  
ments were used and a r e  l a b e l e d  " c e n t e r  s t r u t  
m o d i f i c a t i o n s  1  and 2" i n  f i g u r e  11. I n  c o n j u n c t i o n  
w i t h  t h i s  i g n i t i o n  teqhn ique,  a  method des igned t o  
s u s t a i n  r e a c t i o n  i n  t h e  combustor c o n s i s t e d  o f  i n -  
j e c t i n g  a  sma l l  q u a n t i t y  o f  a i r  o r  n i t r o g e n  (abou t  
7.5% o f  t h e  a i r  c a p t u r e d  by t h e  i n l e t )  about  one- 
t h i r d  o f  t he  combustor l e n g t h  downstream f rom the  
en t rance  ( f i g .  11).  The gas was i n j e c t e d  i n  an 
upstream d i r e c t i o n  f rom o r i f i c e s  i n  tubes l o c a t e d  on 
b o t h  s i d e w a l l s .  The i dea  was t o  use t h e  gas i n j e c -  
t i o n  t o  decrease t h e  12 4" s i d e w a l l  expansion i n  
t h i s  r e g i o n ,  i.e., t h e  techn ique  s i m u l a t e d  a  geometry 
change i n  t h e  combustor. W i th  t h i s  i g n i  t i o n l r e a c t i o n  
enhancement scheme, t h e  f i r s t  ev idence o f  hea t  r e -  
l ease  i n  t h e  combustor v a r i e d  i n  l o c a t i o n  as a  func-  
t i o n  o f  t he  amount o f  f u e l  i n j e c t e d .  

I g n i t i o n  was a l s o  ach ieved by add ing z i r c o n i u m  
o x i d e  rods  t o  c e n t e r  s t r u t  m o d i f i c a t i o n  1  t o  a c t  as 
i g n i  t o r / f l  ameholders ( f i g .  12) .  These rods  p r o t r u d -  
ed app rox ima te l y  o n e - t h i r d  o f  t h e  d i s t a n c e  t o  the  
s i d e  s t r u t .  Movies con f i rmed  i g n i t i o n  i n  t he  r e g i o n  
o f  t h e  rods.  Wi th  t h i s  i g n i t o r ,  r e a c t i o n  was sus- 
t a i n e d  by a  combustor geometry m o d i f i c a t i o n .  S ide-  
w a l l  p l a t e s  were added i n t e r n a l l y  i n  t h e  combustor 
t o  c r e a t e  a  c o n s t a n t  area s e c t i o n  15.2 cm l o n g  a t  
t h e  combustor en t rance  as shown i n  f i g u r e  12. Th i s  
c o n s t a n t  area s e c t i o n  decreased f l o w  expansions j u s t  
downstream o f  t h e  s t r u t s  and m a i n t a i n e d  a  h i g h e r  
p ressu re  l e v e l  t o  a v o i d  quenching the  r e a c t i o n .  

Because o f  t h e  i g n i t i o n  problems, component 
research i s  now underway t o  e x p l o r e  d i f f e r e n t  and 
more u s e f u l  i g n i t i o n  a ids .  A lso,  a d d i t i o n a l  Mach 
7 t e s t s  a t  pressures up t o  two and o n e - h a l f  t imes 
those o f  t h e  p r e s m t  t e s t s  w i l l  be underway s h o r t l y ,  
These t e s t  c o n d i t i o n s  w i  11 approx imate t h e  des ign  
f l i g h t  dynamic p ressu re  o f  t h e  eng ine and i g n i t i o n /  
r e a c t i o n  problems shou ld  be g r e a t l y  d imin ished.  

I n le t -Combus to r  I n t e r a c t i o n s  

Burn ing i n  t h e  s c r a m j e t  was o f t e n  accompanied 
by v a r y i n g  degrees o f  i n 1  e t -combustor  i n t e r a c t i o n  
r a n g i n g  f rom an i nc rease  i n  i n l e t  pressures near  
t h e  cowl ( w i t h  some inc reased  f l o w  s p i l l a g e )  t o  
comple te  i n l e t  u n s t a r t s .  The onse t  o f  i n t e r a c t i o n  
was a  f u n c t i o n  o f  combustor geometry, t h e  amount o f  
f u e l  burned, and t h e  amount o f  f a c i l i t y  n o z z l e  top  



s u r f a c e  boundary l a y e r  i n g e s t e d  by t h e  eng ine.  

To reduce t h e  amount o f  boundary l a y e r  i n g e s t -  
ed, t h e  model was dropped 2.54 cm i n t o  t h e  f l o w .  
T h i s  change reduced t h e  i n t e r a c t i o n  prob lem and a  
h i g h e r  f u e l  equ i va lence  r a t i o  c o u l d  be i n j e c t e d  and 
burned b e f o r e  i n t e r a c t i o n  occu r red .  A f o r c e  ba lance 
d a t a  t r a c e  showing such a  t e s t  w i t h  f u e l  e q u i v a l e n c e  
r a t i o s  o f  0.5 and 1  .D i s  'shown i n  f i g u r e  13. Loca l  
i n t e r a c t i o n  o c c u r r e d  nea r  t h e  cowl a t  bo th  f u e l  
equ i va lence  r a t i o s .  S t o i c h i o m e t r i c  f u e l  i n j e c t i o n  
was ach ieved  f o r  a  s h o r t  p e r i o d  o f  t i m e  ( a p p r o x i -  
m a t e l y  1 /2  sec.) b u t  w i t h  i n c r e a s e d  f l o w  s p i l l a g e  
i n  t h e  cowl r e g i o n  and w i t h  even tua l  i n l e t  u n s t a r t  
( p r o b a b l y  a s s o c i a t e d  w i t h  i n c r e a s i n g  w a l l  tempera- 
t u r e  w i t h  t i m e ) .  Note t h a t  t h e  t o t a l  d r a g  o f  t h e  
module i s  j u s t  overcome w i t h  s t o i c h i o m e t r i c  f u e l  
i n j e c t i o n ;  however, t h e  f u e l - o f f  d r a g  was h i g h  be- 
cause o f  t h e  z i r c o n i u m  o x i d e  r o d  i g n i t o r s  used and 
because o f  h i g h  e x t e r n a l  d rag  w i t h  t h e  eng ine  
dropped i n t o  t h e  f l o w  ( p a r t  o f  t h e  e x t e r n a l  t o p  
s u r f a c e  was c o n t r i b u t i n g  t o  t h e  d r a g ) .  

Mi t h  t h e  geometry m o d i f i c a t i o n s  r e q u i r e d  f o r  
i g n i t i o n ,  t h e  i n l e t - c o m b u s t o r  i n t e r a c t i o n  p rob lem 
p e r s i s t s  a t  r e a c t e d  f u e l  equ i va lence  r a t i o s  above 
a p p r o x i m a t e l y  0.3. Severa l  approaches a r e  b e i n g  
e v a l u a t e d  t o  c o n t r o l  t h i s  adverse i n l e t - c o m b u s t o r  
i n t e r a c t i o n .  They i n c l u d e  i n l e t - c o m b u s t o r  i s o l a t i o n  
s teps,  f u e l  i n j e c t o r  m o d i f i c a t i o n s ,  and v a r i o u s  
s p l i t s  between p e r p e n d i c u l a r  and para1 l e l  f u e l  i n -  
j e c t i o n .  

Tes ts  o f  t h e  i n l e t  a r e  a l s o  underway i n  a  con- 
v e n t i o n a l  w ind  t u n n e l  where combust ion  i s  s i m u l a t e d  
by  a i r  i n j e c t i o n  t o  f u r t h e r  d e f i n e  t h e  cause o f  t h e  
i n l e t - c o m b u s t o r  i n t e r a c t i o n  and t o  f i n d  a  s o l u t i o n .  
I t  shou ld  be n o t e d  t h a t  t h e  i g n i t i o n / r e a c t i o n  and 
i n l e t - c o m b u s t o r  i n t e r a c t i o n  problems a r e  n o t  neces- 
s a r i l y  independent  problems i n  t h a t  t h e  changes 
necessary  f o r  i g n i t i o n  and r e a c t i o n  a t  l o w  p r e s s u r e  
may make t h e  i n l e t  more s e n s i t i v e  t o  combustor 
p ressu re  r i s e ,  

Engine Performance 

T y p i c a l  i n t e r n a l  s i d e w a l l  p r e s s u r e  and h e a t  
t r a n s f e r  r a t e  d i s t r i b u t i o n s  w i t h  and w i t h o u t  hydro-  
gen combust ion  a r e  shown i n  f i g u r e  14, Cen te r  
s t r u t  m o d i f i c a t i o n  2  was used t o  ach ieve  i g n i t i o n  
and n i t r o g e n  i n j e c t i o n  was used t o  s u s t a i n  t h e  
bu rn ing .  The p r e s s u r e  data ,  o b t a i n e d  nea r  t h e  
eng ine m i d h e i g h t  l i n e  w i t h  s t o i c h i o m e t r i c  f u e l  
i n j e c t i o n ,  show l i t t l e  e f f e c t  o f  combust ion  up- 
s t ream o f  t h e  f u e l  i n j e c t i o n  l i n e  ( d a t a  n e a r e r  t h e  
cowl dd show an upst ream e f f e c t ) .  The l a r g e  i n -  
c reases i n  p ressu res  and h e a t i n g  r a t e s  i n  t h e  com- 
b u s t o r  a r e  ev idence o f  hydrogen combust ion.  

Engine per formance f r o m  these  i n i t i a l  t e s t s  i s  
shown i n  f i g u r e  15 as a  f u n c t i o n  o f  t h e  i n j e c t e d  
f u e l  equ i va lence  r a t i o ,  The f i g u r e  o f  m e r i t  f o r  
eng ine per formance used h e r e  i s  AF, i.e., t h e  f o r c e  
ba lance measurement w i t h  f u e l  i n j e c t i o n  minus t h e  
f o r c e  ba lance measurement w i t h  no f u e l  i n j e c t i o n .  
AF i n d i c a t e s  i n t e r n a l  performance, b u t  g i v e s  no 
i n d i c a t i o n  o f  t h e  magni tude o f  i n t e r n a l  drag. The 
one-d imens iona l  t h e o r y  c u r v e  shown on t h e  f i  gure  
r e p r e s e n t s  t h e  maximum expected per formance f o r  t h e  
eng ine w i t h  i g n i t o r s  and m o d i f i e d  combustor geome- 
t r y  and w i t h  a l l  ~ e r ~ e n d i c u l a r  f u e l  i n . i e c t i o n .  
m i x i n q - c o n t r o l l e d  r e a c t i o n  and 100 Dercen t  combus- 
t i o n  e f f i c i e n c y .  Open symbols a r e  d a t a  o b t a i n e d  

u s i n g  t h e  s t r u t  a f t  end m o d i f i c a t i o n s  t o  ach ieve  
i g n i t i o n  and t h e  n i t r o g e n  i n j e c t i o n  t echn ique  t o  
s u s t a i n  r e a c t i o n ;  shaded symbols a r e  d a t a  o b t a i n e d  
u s i n g  z i r con ium-ox ide  rods  as i g n i  t o r / f l a m e h o l d e r s  
and t h e  combustor geometry change t o  s u s t a i n  reac -  
t i o n ,  

Dashed l i n e  f a i r i n g s  have been p l a c e d  th rough  
t h e  open-symbol d a t a  where s t r u t  m o d i f i c a t i o n s  and 
t h e  n i t r o g e n  i n j e c t i o n  t echn ique  were used t o  a i d  
i g n i t i o n  and s u s t a i n  r e a c t i o n .  The r i g h t - h a n d  s i n -  
g l e  p o i n t  ( w i t h  dashed l i n e )  i s  d a t a  t aken  w i t h  no 
s t r u t  m o d i f i c a t i o n .  The n e x t  dashed l i n e  f a i r s  d a t a  
t aken  u s i n g  m o d i f i c a t i o n  1  t o  t h e  c e n t e r  s t r u t  a f t  
end t o  e l i m i n a t e  expans ions upstream o f  t h e  base. 
The upper  dashed l i n e  f a i r s  d a t a  t aken  w i t h  m o d i f i -  
c a t i o n  2  ( f i g .  1 1 )  wh ich  i s  des igned t o  f u r t h e r  i n -  
c rease compress ion a f t e r  f u e l  i n j e c t i o n .  The h i g h e r  
compression a p p a r e n t l y  causes e a r l i e r  i g n i t i o n  and, 
consequent ly ,  h i g h e r  combust ion  e f f i c i e n c y .  The 
da ta  i n d i c a t e  t h a t  t h e  h i g h e s t  per formance i n  terms 
o f  i n c r e a s e d  AF i s  o b t a i n e d  w i t h  s t r u t  m o d i f i c a t i o n  
2  and t h e  n i t r o g e n  i n j e c t i o n  t echn ique  o r  w i t h  t h e  
z i  rcon ium-ox ide r o d s  and t h e  combustor s i  dewa l l  mod- 
i f i c a t i o n .  Near $ i n j  = 0.5, t h e  f u e l  i n j e c t i o n  
s t r u t s  coa ted  w i t h  z i r c o n i u m  o x i d e  ( t o  i n c r e a s e  su r -  
f ace  tempera tu re )  aDpear t o  enhance b u r n i n g  r e l a t i v e  
t o  t h e  uncoated s t r u t s .  However, per formance i s  
s t i  11 we1 1  be low t h e  t h e o r e t i c a l  e s t i m a t e s  f o r  com- 
p l e t e  combust ion,  and a t  t h e  h i g h e r  f u e l  f l o w s ,  da ta  
w i t h  s i g n i f i c a n t  b u r n i n g  (upper  dashed cu rve )  a r e  
o b t a i n e d  w i t h  some i n c r e a s e d  i n l e t  s p i l l a g e  (as i n -  
d i c a t e d  by  i n c r e a s e d  p ressu res  on t h e  e x t e r n a l  cowl 
su r face ) .  

The d i f f e r e n c e  between t h e  d a t a  and t h e o r y  i s  
l i k e l y  due t o  t h e  combined e f f e c t s  o f  l ow  combust ion  
e f f i c i e n c y ,  i n l e t - c o m b u s t o r  i n t e r a c t i o n ,  and l o n g  
i g n i t i o n  de lay .  I n  an e f f o r t  t o  r e s o l v e  these d i f -  
fe rences,  e s t i m a t e s  o f  combust ion  e f f i c i e n c y ,  nc ,  
were made f o r  t h e  d a t a  i n  f i g u r e  15 w i t h  t h e  excep- 
t i o n  o f  t h a t  o b t a i n e d  w i t h  t h e  z i r c o n i u m  rods  and 
t h e  combustor qeometry modi f i c a t i o n .  T h i s  m o d i f i -  
c a t i o n  e l  i m i n a t e d  some h e a t  f l u x  measurements essen- 
t i a l  t o  a  d e t e r m i n a t i o n  o f  combust ion  e f f i c i e n c y .  
The e s t i m a t e s  o f  nc  were o b t a i n e d  f r o m  an eng ine 
per formance computer program wh ich  i n t e g r a t e s  heat -  
i n g  r a t e s  i n  t h e  combustor and c a l c u l a t e s  combust ion 
e f f i c i e n c y  f r o m  a  c o r r e l a t i o n  by  Or th ,  B i l l i g ,  and 
~ r e n 1 e s k i . l ~  

Uhen t h e  d a t a  f r o m  f i g u r e  15 a r e  r e p l o t t e d  w i t h  
AF as a  f u n c t i o n  o f  t h e  e s t i m a t e d  r e a c t e d  f u e l  equ i v -  
a lence  r a t i o ,  i.e., mreac  = nc @inj, t h e  da ta  co r -  
r e l a t i o n  i s  q u i t e  good ( f i g .  16).  However, a t  t h e  
l o w e r  va lues  o f  $I,,,,, t h e  measured AF 'S a r e  s i g n i -  
f i c a n t l y  below theo ry .  I n s p e c t i o n  o f  i n t e r n a l  heat -  
i n g  r a t e  d i s t r i b u t i o n s  ( f i g .  17 )  i n d i c a t e d  t h a t  one 
reason f o r  t h i s  c o u l d  be l o n g e r  i g n i t i o n  d e l a y  
l eng ths .  L I ,  a t  t h e  l o w e r  f u e l  equ i va lence  r a t i o s .  
The re fo re ,  t h e o r e t i c a l  e s t i m a t e s  were made o f  t h e  
expected AF u s i n g  t h e  f o l l o w i n g  assumpt ions:  f u e l -  
a i r  m i x i n g  co r respond ing  t o  p e r p e n d i c u l a r  f u e l  i n -  
j e c t i o n . 8  combust ion  e f f i c i e n c y  as determined f r o m  
measured h e a t i n g  ra tes ,14 and i g n i t i o n  p o i n t  as i n -  
d i c a t e d  by  t h e  l o c a t i o n  where t h e  measured w a l l  
h e a t i n g  r a t e  shows an i n c r e a s e  above t h e  va lue  w i t h  
no f u e l  i n j e c t i o n  as shown i,n f i g u r e  17. The r e -  
s u l t s  o f  t h e  t h e o r e t i c a l  e s t i m a t e s  a r e  shown by t h e  
dashed l i n e  i n  f i g u r e  16. The t r e n d  o f  t h e  t h e o r e t -  
i c a l  e s t i m a t e  i s  v e r y  s i m i l a r  t o  t h a t  o f  t h e  da ta  
l e n d i n g  suppo r t  t o  t h e  h y p o t h e s i s  t h a t  t h e  poo r  
per formance a t  l ow  areac c o u l d  be caused by i g n i -  
t i o n  de lay .  



I t  i s  a l s o  noted i n  f i g u r e  16 t h a t  t h e  e s t i m a t -  
ed I # J ~ ~ ~ ~  does n o t  exceed 0.5. A l though  some 
s p i l l a g e  was o c c u r r i n g  a t  t h i s  l e v e l  o f  r e a c t e d  
f u e l  equ iva lence  r a t i o  ( w i t h  a  p o s s i b l e  e f f e c t  on 
t h e  e s t i m a t e d  combust ion e f f i c i e n c y ) ,  t h e  imp1 i c a -  
t i o n  i s  t h a t  o n l y  about  o n e - h a l f  o f  s t o i c h i o m e t r i c  
b u r n i n g  has been achieved. Research i s  underway t o  
d e f i n e  t h e  cause o f  t h i s  prob lem s i n c e  t h e  a i r f r a m e -  
i n t e g r a t e d  s c r a m j e t  must o p e r a t e  a t  r e a c t e d  f u e l  
equ iva lence  r a t i o s  nea r  one i n  f l i g h t .  

Therefore ,  t h e  c h a l l e n g e  i n  t he  a i r f r a m e - i n t e -  
g r a t e d  s c r a m j e t  resea rch  program i s  t o  ach ieve  
i g n i t i o n  and o b t a i n  h i g h e r  combust ion e f f i c i e n c y  
w i t h o u t  i n le t - componen t  i n t e r a c t i o n  a t  f u e l  f l o w  
r a t e s  nea r  s t o i c h i o m e t r i c  va lues.  I t  i s  a l s o  nec- 
essa ry  t o  have a  c o n f i g u r a t i o n  t h a t  i s  compa t ib le  
w i t h  eng ine o p e r a t i o n  a t  l o w e r  Mach numbers. 

Mach 4  Sc ramje t  Tes ts  

Near Mach 4  t h e  p r e s e n t  s c r a m j e t  concept  was 
expected t o  be more s u s c e p t i b l e  t o  i n l e t - c o m b u s t o r  
i n t e r a c t i o n  problems. The i n l e t  sweep (48 " ) ,  com- 
b i n e d  w i t h  t h e  i n l e t  Mach number o f  3.4 (wh ich  
s imu la tes  t h e  f l o w  f i e l d  on t h e  unders ide  o f  t h e  
v e h i c l e  fo rebody ) ,  r e s u l t s  i n  detached shock waves 
around t h e  i n l e t  s t r u t s .  Because o f  t h e  a s s o c i a t e d  
r e l a t i v e l y  l ow  Mach number a t  t h e  i n l e t  t h r o a t ,  i n -  
l e t  i n t e r a c t i o n  r e s u l t i n g  f r o m  t h e  combustor p res -  
su re  r i s e  was expected. A lso,  one-dimensional  
t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e d  t h e  p r o b a b i l  i t y  
o f  thermal  chok ing  i n  t h e  combustor downstream o f  
t he  s t r u t s  f o r  supe rson ic  combust ion a t  l e v e l s  o f  
$reac above abou t  0.4 t o  0.6. R a i s i n g  t h e  t o t a l  
temperature  i n  t hese  c a l c u l a t i o n s  above Mach 4 
s i m u l a t i o n  (890K) r a i s e s  t h e  I#I l e v e l  a t  wh ich  
thermal  chok ing  occurs .  

For  t h e  above reasons, t h e  Mach 4  t e s t  cond i -  
t i o n  was s e l e c t e d  as a  p a r t i c u l a r l y  i n p o r t a n t  one 
i n  t h e  p r e s e n t  resea rch  program. Over seventy  
t e s t s  a t  Mach 4  have bee11 made d u r i n g  1978. The 
i n l e t  w a l l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  w i t h  b o t h  
c o l d  and h o t  t unne l  f l o w  a t  about  t h e  same Reynolds 
number were f i r s t  checked w i t h  those f rom r e f e r e n c e  
4  t o  v e r i f y  p r o p e r  o p e r a t i o n  o f  t h e  i n l e t .  I n  t h e  
f i r s t  s e r i e s  o f  t e s t s ,  a  f a c i l  i ty-model (combust ion)  
i n t e r a c t i o n  w?s expe r ienced  wh ich  was s i m i l a r  t o  
t h e  i n t e r a c t i o n  encountered i n  t h e  Mach 7 t e s t s ,  
b u t  i t  was e l i m i n a t e d  by i n s t a l l a t i o n  o f  a  t u n n e l  
d i f f use r .15  The s e n s i t i v i t y  o f  t h e  i n l e t  t o  com- 
b u s t o r  p ressu re  r i s e  ( i  n le t -combustor  i n t e r a c t i o n )  
was expected t o  be worse w i t h  t h e  t o p  w a l l  t u n n e l  
boundary l a y e r  e n t e r i n g  t h e  s c r a m j e t  model. The 
Mach 7 t e s t s  had a l r e a d y  y i e l d e d  r e s u l t s  i n d i c a t i n g  
t h a t  t h i s  was t rue .  

The remainder  o f  t h e  t e s t s  have been conce r r~ed  
w i t h  techn iques t o  e l i m i n a t e  i n l e t - c o m b u s t o r  i n t e r -  
a c t i o n  and t o  i n c r e a s e  enq ine  ~ e r f o r m a n c e .  The 
hydrogen f u e l  i n j e c t i o n  was s p l i t  between t h e  oe r -  
p e n d i c u l a r  and p a r a l l e l  modes w i t h  a  maximum o f  
25% o f  t h e  t o t a l  b e i n g  i n j e c t e d  p e r p e n d i c u l a r  t o  
t h e  a i r f l o w .  Hydrogen e n t e r e d  t h e  f u e l  i n j e c t i o n  
s t r u t s  a t  ambient  temperature .  

A t  Mach 4  e n t h a l p y  l e v e l ,  t h e  a i r  s t a t i c  
temperature  ( T  a 550K, p  = 101 k ~ / m 2 )  i n  t h e  scram- 
j e t  a t  t h e  p o i n t  o f  f u e l  i n j e c t i o n  i s  n o t  h i g h  
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enough f o r  a u t o i g n i t i o n  t o  occu r  w i t h i n  a  reasonable  
l e n g t h .  Therefore ,  an i g n i t o r  w i l l  be r e q u i r e d  f o r  
f l i g h t  a p p l i c a t i o n  and an e f f o r t  i s  underway t o  
deve lop such an i g n i t o r .  Fo r  t h e  p r e l i m i n a r y  ground 
t e s t s ,  i t  was dec ided  t o  use a  surge i n  t h e  s t ream 
t o t a l  temperature  d u r i n g  t h e  i n i t i a l  p a r t  o f  t h e  
t e s t  t o  p r o v i d e  i g n i t i o n .  

I n  o r d e r  t o  ach ieve a  h i g h  s t ream t o t a l  temper- 
a t u r e  (1390K) a t  t h e  b e g i n n i n g  o f  a  t e s t  f o r  hydro- 
gen i g n i t i o n  and a  l ower  s t ream t o t a l  temperature  
f o r  t h e  t e s t  c o n d i t i o n ,  e x t r a  hydrogen i s  i n i t i a l l y  
added i n  t h e  f a c i l i t y  h e a t e r  ( a l o n g  w i t h  normal a i r ,  
Hz, and 02 f l o w  r a t e s ) .  A f t e r  t h e  s c r a m j e t  i g n i t i o n  
i s  e s t a b l i s h e d ,  t h e  e x t r a  hydrogen f l o w  i s  c u t  o f f  
and t h e  l ower  s t ream t o t a l  temperature  o f  t h e  t e s t  
c o n d i t i o n  i s  e s t a b l i s h e d  a l o n g  w i t h  t h e  p r o p e r  02 
s i m u l a t i o n  o f  a i r .  A d d i t i o n a l  r e d u c t i o n  i n  t o t a l  
temperature  has been ach ieved  by s i m p l y  i n c r e a s i n g  
t h e  h e a t e r  a i r  f l o w  r a t e  above t h e  i n i t i a l  s e t  
c o n d i t i o n .  

The use o f  i n i t i a l l y  h i g h  s t ream t o t a l  temper- 
a t u r e ,  f o l l o w e d  by a  r e d u c t i o n  i n  t h i s  temperature  
t o  ach ieve  a  s t e a d y - s t a t e  r u n  c o n d i t i o n  i n v o l v e s  
t r a n s i e n t s  i n  s t ream t o t a l  p ressu re ,  a i r  f l o w  r a t e ,  
and f u e l  equ iva lence  r a t i o .  A  t y p i c a l  v a r i a t i o n  
w i t h  t i m e  o f  measured eng ine f o r c e ,  f u e l  equ iva lence  
r a t i o ,  and s t ream t o t a l  temperature  and p ressu re  i s  
shown i n  f i g u r e  18. The eng ine  f u e l  was b rough t  t o  
a  c o n s t a n t  l e v e l  o f  mass f l o w  and h e l d  steady. The 
i n d i c a t e d  changes i n  equ iva lence  r a t i o  occu r  because 
o f  t he  changes i n  a i r  f l o w  r a t e  (caused by t h e  
changes i n  s t ream t o t a l  p ressu re  and tempera tu re ) .  
The d e s i r e d  s t e a d y - s t a t e  t e s t  c o n d i t i o n  was ach ieved 
i n  t h e  l a t t e r  p a r t  o f  t h e  t e s t ,  

In let-Combus t o r  I n t e r a c t i o n  

As expected, and as expe r ienced  a t  Mach 7, 
in le t -combus t i o n  i n t e r a c t i o n  o c c u r r e d  d u r i n g  t h e  
e a r l y  Mach 4  t e s t i n g .  Lower ing t h e  s c r a m j e t  eng ine 
model 2.54 cm down i n t o  t h e  f l o w  r e s u l t e d  i n  l e s s  
i n l e t - c o m b u s t o r  i n t e r a c t i o n  problems and p e r m i t t e d  
an i n c r e a s e  i n  f u e l  equ iva lence  r a t i o  b e f o r e  i n t e r -  
a c t i o n  occu r red .  I n  genera l  t h e  occur rence o f  
i n t e r a c t i o n  was worse f o r  equ iva lence  r a t i o s  g r e a t e r  
t h a n  0.5, b u t  as p r e d i c t e d ,  i n c r e a s e d  s t ream t o t a l  
temperatures r e s u l t e d  i n  l e s s  i n t e r a c t i o n "  As 
shown i n  f i g u r e  18, i n t e r a c t i o n  o f t e n  o c c u r r e d  when 
t h e  s t ream t o t a l  temperature  was b e i n g  reduced f r o m  
t h e  i g n i t i o n  l e v e l  t o  t h e  nominal  r u n  c o n d i t i o n ,  

E f f o r t s  were made t o  r e s o l v e  t h e  i n t e r a c t i o n  
i n  t h e  s t r u t  r e g i o n  by  moving t h e  f u e l  i n j e c t i o n  
away f r o m  t h e  top,  cowl,  and s i d e w a l l s  and by 
i n s t a l l i n g  rea rward  f a c i n g  s teps  i n  t h e  w a l l s  ahead 
o f  t h e  normal f u e l  i n j e c t i o n  s t a t i o n .  These e f f o r t s  
seemed t o  have had sma l l  f a v o r a b l e  e f f e c t s  b u t  d i d  
n o t  e l i m i n a t e  t h e  i n t e r a c t i o n  problem. 

The Mach 4 sc ramje t  eng ine model i s  c u r r e n t l y  
b e i n g  a1 t e r e d  f o r  f u t u r e  t e s t s ,  Fue l  w i l l  be i n -  
j e c t e d  f r o m  t h e  w a l l s  a t  a  s t a t i o n  nea r  t h e  down- 
s t ream end o f  t h e  combustor t o  a v o i d  thermal  chok ing  
a t  h i g h  f u e l  equ iva lence  r a t i o s .  The eng ine would  
then o p e r a t e  i n  a mixed combust ion mode where p a r t  
o f  t h e  f u e l  would  be burned s u p e r s o n i c a l l y  i n  t h e  
f i r s t  p a r t  o f  t h e  combustor and t h e  remainder  o f  t h e  
f u e l  would be burned s u b s o n i c a l l y  f u r t h e r  down- 
stream, T h i s  dua l  mode combust ion shou ld  a l l o w  
achievement o f  h i g h  per formance a t  Mach numbers l e s s  
than about  5. 
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Most o f  t h e  t e s t s  conducted t o  d a t e  i n  t h e  
Mach 4  t e s t  s e r i e s  have been a t  s t ream t o t a l  
temperatures  above t h e  Mach 4  f l i g h t  s i m u l a t i o n  
va lue.  I n  o r d e r  t o  show a  comparison w i t h  t h e o r y  
and t o  p r e s e n t  a l l  t h e  d a t a  a t  t h e  same t e s t  con- 
d i t i o n s ,  t h e  f o r c e  d a t a  ( A F  i s  t h e  change i n  meas- 
u red  f o r c e  f rom f u e l  on t o  f u e l  o f f )  was c o r r e c t e d  
t o  t h e  Mach 4  t o t a l  temperature ,  890K, and a  
dynamic p r e s s u r e  o f  47.88 kN/m2. The c o r r e c t i o n  
f o r  dynamic p ressu re ,  wh i ch  assumes t h a t  t h e  t h r u s  
c o e f f i c i e n t  a t  a  g i v e n  f u e l  equ i va lence  r a t i o  i s  
c o n s t a n t  o v e r  t h e  range o f  p ressu res  t e s t e d ,  was 
made by u s i n g  t h e  r a t i o  o f  t h e  nominal  s t ream t o t a  
p r e s s u r e  (0.634 MN f o r  qm = 47.88 kN/m2) t o  t h e  
a c t u a l  s t ream t o t a l  p ressure .  A  c o r r e c t i o n  a l s o  
was made f o r  s t ream t o t a l  t empera tu re  by  m u l t i p l y -  
i n g  AF ,, by t h e  square  r o o t  o f  t h e  r a t i o  o f  t h e  
measure! szream t o t a l  t empera tu re  t o  t h e  nomina l  
M  = 4  s t ream t o t a l  t empera tu re  (890K).  T h i s  assumes 
t h a t  t h e  s p e c i f i c  impu lse  i s  c o n s t a n t  and necessar -  
i l y  i s  a  more a r b i t r a r y  c o r r e c t i o n  t han  t h e  c o r r e c -  
t i o n  f o r  dynamic pressure .  

The c o r r e c t e d  f o r c e  d a t a  a r e  p l o t t e d  as a  f unc -  
t i o n  o f  i n j e c t e d  f u e l  e q u i v a l e n c e  r a t i o  i n  f i g u r e  19  
and a r e  compared w i t h  t h e o r e t i c a l  per formance p re -  
d i c t i o n s  f o r  qc = 100 p e r c e n t  a t  t h e  nominal  t e s t  
c o n d i t i o n  (M, = 4, q, = 47.88 k ~ / m ~ ,  Tt = 890K). F o r  
t h e  c u r v e  shown, i t  was assumed t h a t  a  f u e l  equ i va -  
l e n c e  r a t i o ,  @N, o f  0.05 was i n j e c t e d  normal t o  t h e  
f l o w  a t  t h e  s t r u t s  and t h e  remainder  was i n j e c t e d  
f rom t h e  r e a r  o f  t h e  s t r u t s  p a r a l l e l  t o  t h e  f l ow .  
A l t hough  i n c r e a s i n g  t h e  pe rcen tage  of  f u e l  i n j e c t e d  
normal t o  t h e  f l o w  a t  t h e  s t r u t s  up t o  @ o f  abou t  
0.2 i nc reases  t h e  t h r u s t  (AF )  f o r  @t vayues up t o  
about  0.5, a lmos t  no d i f f e r e n c e  i s  no ted  above bt = 
0.5 where t h e  mixed combust ion  mode ( p a r t i a l  b u r n i n g  
s u p e r s o n i c a l l y ,  remainder  s u b s o n i c a l l y )  i s  used f o r  
t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  To simp1 i f y  t h i s  p re -  
s e n t a t i o n  o n l y  t h e  p r e d i c t e d  AF va lues  f o r  @N = 0.05 
a r e  shown, b u t  t h e  thermal  chok ing  l i m i t s  i n  m t  a r e  
shown f o r  b o t h  aN =,0.05 and @N = 0.195. The Mach 
4 expe r imen ta l  d a t a  i n d i c a t e  a  l i m i t  i n  @t wh ich  
s t r o n g l y  suggests  thermal  chok ing,  b u t  i t  i s  no ted  
t h a t  t h i s  o c c u r r e d  a t  g e n e r a l l y  h i g h e r  s t ream t o t a l  
temperatures  t han  t h e  nominal  Mach 4  v a l u e  (890K) 
used f o r  t h e  theory .  A  few da ta  p o i n t s  agree v e r y  
w e l l  w i t h  p r e d i c t i o n s  a t  @in. l e v e l s  up t o  0.4. 
Another  obv ious  f a c t o r  i s  t h a i  t h e r e  i s  a  second 
group o f  d a t a  wh i ch  can be r e p r e s e n t e d  by  a  l i n e  
f a i r e d  p a r a l l e l  t o  t h e  t h e o r e t i c a l  curve. A  r e v i e w  
o f  t h e  f u e l  i n j e c t i o n  schedu le  i n d i c a t e d  t h a t  f o r  
n e a r l y  a l l  o f  t h e  h i g h e r  equ i va lence  r a t i o  da ta ,  t h e  
e x t r a  f u e l  was i n j e c t e d  p a r a l l e l  t o  t h e  t e s t  s t ream 
from t h e  r e a r  o f  t h e  s i d e  s t r u t s ,  I t  i s  p o s s i b l e  
t h a t  t h e  s i d e  s t r u t  f u e l  i s  n o t  i g n i t i n g  u n t i l  f u r -  
t h e r  downstream when t h e  combust ion  i n  t h e  c e n t e r  o f  
t h e  s t ream mixes o u t  t o  reach  t h e  s i d e  s t r u t  f u e l  
(and a i r ) .  Making t h e  a r b i t r a r y  assumpt ion t h a t  
o n l y  a  p a r t  o f  t h i s  p a r a l l e l  f u e l  f r o m  t h e  s i d e  
s t r u t s  burned, one d a t a  p o i n t  was s e l e c t e d  and a  
f a c t o r  found wh ich  wou ld  move t h e  da ta  p o i n t  t o  t h e  
t h e o r e t i c a l  curve. T h i s  ad jus tmen t  f a c t o r  assumes 
o n l y  o n e - t h i r d  o f  t h e  s i d e  s t r u t  p a r a l l e l  f u e l  burns  
b u t  a l s o  s i m u l t a n e o u s l y  wou ld  assume 100 p e r c e n t  
combust ion f o r  a l l  o t h e r  f u e l .  

Us ing  t h i s  assumed f a c t o r ,  a l l  o f  t h e  d a t a  were 
a d j u s t e d  and r e p l o t t e d  as shown on f i g u r e  20, b u t  
t h e  change i n  f o r c e ,  AFcprr, i s  now p l o t t e d  as a  
f u n c t i o n  o f  a d j u s t e d  e q u i v a l e n c e  r a t i o  s i m i l a r  t o  
t h e  r e a c t e d  d a t a  shown f o r  Mach 7. F i g u r e  20 

shows t h a t  t h e  d a t a  now a r e  i n  good agreement w i t h  
t h e  t h e o r e t i c a l  p r e d i c t i o n .  The e x a c t  v a l u e  o f  t h e  
ad jus tmen t  f a c t o r  i s  n o t  i m p o r t a n t  t o  t h e  c o n c l u s i o n  
t h a t  t h e  p a r a l l e l  f u e l  f r o m  t h e  s i d e  s t r u t s  i s  n o t  
b u r n i n g  comp le te l y .  Review o f  t h e  ad jus tmen t  o f  
o t h e r  d a t a  p o i n t s  f u r t h e r  s u p p o r t s  t h e  above con- 
c l u s i o n ,  b u t  t h e  reason f o r  t h e  i ncomp le te  combus- 
t i o n  i s  n o t  y e t  obv ious  from t h e  d a t a  a n a l y s i s .  
However, i t  i s  conc luded t h a t  t h e  eng ine  has pe r -  
formed w e l l  i n  some t e s t s ,  t h a t  t h e  r e m a i n i n g  prob-  
lems a r e  d e f i n e d ,  and t h a t  w i t h  f u r t h e r  resea rch ,  
t h e  d e s i r e d  per formance w i l l  be ach ieved  a t  Mach 4. 

R e l a t i o n s h i p  Between Subsca le  and F l i g h t  Engine 
Performance 

Tes ts  o f  s i n g l e ,  subsca le  modules o f  t h e  
a i r f r a m e - i n t e g r a t e d  s c r a m j e t  can o n l y  p a r t i a l l y  
s i m u l a t e  t h e  i n s t a l l e d  per formance t h a t  wou ld  be 
expec ted  i n  f l i g h t .  A  s i n g l e  module has two e x t e r -  
n a l  s i d e w a l l s  wh i ch  c r e a t e  d r a g  w h i l e  a  group o f  
s e v e r a l  modules i n  t h e  f l i g h t  case would  have o n l y  
two e x t e r n a l  s i d e w a l l s .  T h e r e f o r e ,  t h e  f l i g h t  
eng ine  e x t e r n a l  d r a g  would  be l e s s .  An even g r e a t e r  
e f f e c t  i s  t h e  l a r g e r  n o z z l e  a rea  o f  t h e  f l i g h t  
eng ines.  The subsca le  model has a  n o z z l e  e x i t  a rea 
equa l  t o  geomet r i c  c a p t u r e  a rea  w h i l e  a  f l i g h t  
eng ine,  w i t h  t h e  a i r c r a f t  a f t  end as p a r t  o f  t h e  
nozz le ,  wou ld  have a  n o z z l e  e x i t - t o - i n l e t  c a p t u r e  
r a t i o  on t h e  o r d e r  o f  3.5. The re fo re ,  a  p r o j e c t i o n  
o f  t h e  t e s t  r e s u l t s  t o  a  f l i g h t  a p p l i c a t i o n  i s  con- 
s i d e r e d  i n f o r m a t i v e  and i s  shown i n  f i g u r e s  21 and 
22. 

F o r  t h e  t e s t  r e s u l t s ,  t h e  most  r e a d i l y  d e t e r -  
mined and a c c u r a t e  per formance parameter  i s  AF, 
i.e., t h e  change i n  measured eng ine  f o r c e  w i t h  and 
w i t h o u t  f ue l  i n j e c t i o n .  U s i n g  t h i s  f o r c e  change 
i n  c o e f f i c i e n t  terms, C,F, p r e d i c t i o n s  were made 
f o r  f u e l  e q u i v a l e n c e  r a t i o s  o f  0,4 and 1.0 ( w i t h  
100 p e r c e n t  combust ion  e f f i c i e n c y )  u s i n g  a  one- 
d imens iona l  t heo ry16  wh ich  accoun ts  f o r  f o rebody  
precompress ion,  i n t e r n a l  h e a t  1  osses, and a  n o z z l e  
e x i t - t o - c a p t u r e  a rea  r a t i o  o f  one. I d i t h  @ = 1.0, 
t h e  t h e o r y  i n d i c a t e s  t h a t  a  mixed mode o f  combus- 
t i o n  ( supe rson i c - subson i c )  i s  r e q u i r e d  t o  a v o i d  
thermal  c h o k i n g  f o r  Mach numbers below 5. There- 
f o r e ,  t h e  @ = 1.0 c u r v e  assumes a  dua l  mode o f  
combust ion  f o r  l ow  Mach numbers. Fo r  = 0.4, 
t h e  mode o f  combust ion  i s  supe rson i c  o v e r  t h e  en- 
t i r e  Mach number range. 

I t i s  i m p o r t a n t  t o  n o t e  t h e  l i m i t a t i o n s  o f  t h e  
one-d imens iona l  t h e o r e t i c a l  p r e d i c t i o n s  i n  d e f i n i n g  
t h e  s c r a m j e t  i n t e r n a l  performance. The a p p l i c a t i o n  
o f  e x p e r i m e n t a l l y  de te rm ined  h e a t  r e l e a s e  d a t a  i s  
l e s s  c e r t a i n  because o f  s m a l l  d i f f e r e n c e s  i n  i n t e r -  
n a l  geometry and sca le ,  changes i n  combust ion  mode, 
f u e l  temperature ,  w a l l  temperature ,  e t c .  Based on 
a  r e l a t i v e l y  l a r g e  number o f  c a l c u l a t i o n s ,  t h e  un- 
c e r t a i n t y  i n  t h e  one-d imens iona l  t h e o r y  va lues  o f  
per formance shown i n  t h i s  paper  i s  abou t  p l u s  o r  
minus 10 pe rcen t .  

I n  f i g u r e  21, e x p e r i m e n t a l  d a t a  o b t a i n e d  a t  
Mach 4 and 7  (Mach.4 d a t a  c o r r e c t e d  f o r  s t ream 
t o t a l  t empera tu re )  w i t h  $ i n j  = 0.4 a r e  compared 
w i t h  t h e  one-d imens iona l  t heo ry .  Data agreement 
w i t h  t h e o r y  a t  $ i n j  = 0.4 i s  q u i t e  good a t  Mach 
4  wl.iich i m p l i e s  nea r  100 p e r c e n t  combust ion  e f f i c i -  
ency, A t  Mach 7, and $ i n j  = 0.4, t h e  comparison 
w i t h  t h e o r y  r e f l e c t s  t h e  l o w e r  combust ion  e f f i c i e n c y  
d i scussed  e a r l i e r  i n  t h e  naper. T h i s  i s  f u r t h e r  em- 
phas i zed  by  t h e  second d a t a  p o i n t  a t  Mach 7  w i t h  



@re = 0.4 (combust ion e f f i c i e n c y  d e r i v e d  e x p e r i -  
m e n t a l l y )  wh ich i s  i n  good agreement w i t h  t h e  theo ry .  
The @ = 1.0 t h e o r e t i c a l  cu rve  f o r  ground t e s t s  
shown i n  f i g u r e  21 remains as t h e  goa l  t o  be reach- 
ed i n  terms o f  AF. 

For  ground t e s t s ,  one-dimensional  t h e o r e t i c a l  
p r e d i c t i o n s  o f  t h e  s c r a m j e t  i n t e r n a l  performance 
can be made b y  u s i n g  t h e  b e s t  a v a i l a b l e  i n p u t  t o  
a l l o w  f o r  t h e  m ix ing ,  i g n i t i o n  hea t  re lease ,  and 
hea t  ba lance e f f e c t s . 1 6  Engine i n t e r a c t i o n s ,  such 
as thermal  chok ing,  can a l s o  be a n t i c i p a t e d .  I n  
r e l a t i n g  t h e  t h e o r e t i c a l  p r e d i c t i o n  a t  @ = 1.0 f o r  
ground t e s t s  ( f i g .  21) t o  f l i g h t  eng ine  n e t  i n s t a l l -  
ed t h r u s t  performance ( f i g .  22), p rope r  accoun t i ng  
must be made f o r  an i n s t a l l a t i o n  o f  about  s i x  f l i g h t  
eng ines w i t h  a p p r o p r i a t e  i n t e r n a l  and e x t e r n a l  drag, 
hea t  t r a n s f e r  d i f f e r e n c e s  ( r e g e n e r a t i v e  c o o l i n g  f o r  
f l i g h t ) ,  fo rebody ang le  r e l a t i v e  t o  t h e  f l i g h t  path ,  
fo rebody boundary l a y e r ,  and l a r g e r  f l i a h t  eng ine  
nozz le  areas ( n o z z l e  e x i t - t o - i n l e t  c a p t u r e  area 
r a t i o  o f  3.5 compared t o  a  r a t i o  o f  1  f o r  t h e  ground 
t e s t s ) .  The cu rve  i n  f i g u r e  22 rep resen ts  t h e  p r e -  
d i c t e d  f l i g h t  per formance f o r  t h e  i n s t a l l e d  s c r a m j e t  
a t  @ = 1.0. Below Mach 5, i t  i s  assumed t h a t  a  
mixed mode o f  combust ion w i l l  be r e q u i r e d  w i t h  o n l y  
a  r e l a t i v e l y  sma l l  amount o f  f u e l  burned subsoni -  
c a l l y  a t  Mach 5  and on t h e  o r d e r  o f  @ = 0.6 burned 
s u b s o n i c a l l y  a t  Mach 4. Wi th  t h e  l e v e l  o f  i n s t a l l e d  
f l i g h t  performance i n d i c a t e d  i n  f i g u r e  22, i t  has 
been shown i n  r e f e r e n c e  17 t h a t  an a i r c r a f t  can be 
des igned w i t h  an i n t e g r a t e d  s c r a m j e t  t o  c r u i s e  
e f f i c i e n t l y  a t  hype rson ic  speeds. 

Conc lud inq Remarks 

A p r e l i m i n a r y  a i  r f r a m e - i n t e g r a t e d  s c r a m j e t  
resea rch  program was conducted a t  t e s t  c o n d i t i o n s  
s i m u l a t i n g  Mach 4  and 7  f l i g h t .  These c o n d i t i o n s  
were s e l e c t e d  because o f  t h e  d i f f e r e n c e s  i n  t h e  way 
t h e  hydrogen f u e l  i s  i n j e c t e d  and i n  t h e  d i f f e r e n c e s  
i n  a i r  f l o w  captured.  Problems o f  i g n i t i o n  and 
i n l e t - c o m b u s t o r  i n t e r a c t i o n  were p r e d i c t e d  which 
needed expe r imen ta l  d e f i n i t i o n .  A p r ime  resea rch  
o b j e c t i v e  o f  t h e  Mach 4  and 7 t e s t s  was t o  ach ieve 
t h e  h i g h e s t  p o s s i b l e  c o n b u s t i o n  e f f i c i e n c y  by va ry -  
i n g  t h e  f u e l  i n j e c t i o n  scheme and by m o d i f y i n g  t h e  
eno ine  i n t e r n a l  geometry. 

Cons ide rab le  p rog ress  has been made i n  under- 
s t a n d i n g  and s o l v i n g  t h e  p r e d i c t e d  i g n i t i o n / r e a c t i o n  
and i n l e t - c o m b u s t o r  i n t e r a c t i o n  problems. S imple  
techn iques f o r  a c h i e v i n g  i g n i t i o n  d u r i n ?  t h e  ground 
t e s t  programs a t  b o t h  Mach 4  and 7  were shown t o  be 
f e a s i b l e ,  Incomple te  r e a c t i o n  o f  t h e  f u e l  a t  Mach 
4 ha's been t r a c e d  t o  t h e  poo r  combust ion o f  f u e l  
i n j e c t e d  p a r a l l e l  t o  t h e  f l o w  f r o m  t h e  s i d e  s t r u t s .  
A t  Mach 7, t h e  i g n i t i o n / r e a c t i o n  problems can be 
a s s o c i a t e d  w i t h  t h e  p r e s e n t  h i g h  a l t i t u d e  s i m u l a t i o n  
o f  t h e  f a c i  1  i t y ,  The i n l e t - c o m b u s t o r  i n t e r a c t i o n  
problems a t  b o t h  Mach numbers were shown t o  be 
p a r t i a l l y  t he  r e s u l t  o f  t unne l  t o p  w a l l  boundary 
l a y e r  i n g e s t i o n ,  wh ich  i s  necessary  f o r  p r o p e r  
s i m u l a t i o n  o f  t h e  a i r f r a m e - i n t e g r a t e d  concept,  
When t h e  s c r a m j e t  models were p o s i t i o n e d  o u t s i d e  t h e  
tunne l  boundary l a y e r ,  a  l a r g e r  f u e l  equ iva lence  
r a t i o  c o u l d  be reached b e f o r e  i n l e t - c o m b u s t o r  i n t e r -  
a c t i o n  occu r red .  A t  Mach 4, thermal  chok ing  o f  t h e  
combustor was e v i d e n t  ( f o r  breac > 0.4 t o  0,6) as 
a second t ype  o f  i n l e t - c o m b u s t o r  i n t e r a c t i o n .  
St,  i c h i o m e t r i c  b u r n i n g  a t  t h i s  Mach number w i l l  
r e q u i r e  e i t h e r  a  combustor geometry change o r  i n -  
j e c t i o n  o f  a  p o r t i o n  o f  t h e  f u e l  i n  t h e  downstream 

end o f  t h e  combustor. 

The resea rch  program has d e f i n e d  t h e  problems 
which were p r e d i c t e d  b y  a n a l y s i s .  S ince  most o f  
these problems a r e  i n t e r a c t i v e ,  t h e i r  r e s o l u t i o n  i s  
n o t  d i r e c t .  Separate  programs have been i n i t i a t e d  
o r  a r e  c o n t i n u i n g  i n  i g n i  t o r / i g n i  t i o n  resea rch ,  
i n l e t - c o m b u s t o r  i n t e r a c t i o n  research,  and sc ramje t  
c o n f i g u r a t i o n - r e l a t e d  superson ic  combustor research.  
Secondly, t h e  Mach 4 and 7  s c r a m j e t  t e s t  programs 
a r e  c o n t i n u i n g  w i t h  r e v i s e d  f u e l  i n j e c t i o n  schemes, 
geomet r i c  changes, and more f a v o r a b l e  t e s t  cond i  - 
t i o n s  ( a t  Mach 7). Beyond t h i s ,  resea rch  p l a n s  
c a l l  f o r  r e v i s e d  eng ine des igns and f u r t h e r  t e s t i n g .  

W i t h i n  t h e  l i m i t a t i o n s  o f  f a c i l i t i e s  and t h e  
s c r a m j e t  models used i n  t h e  p r e l i m i n a r y  t e s t s ,  
s c r a m j e t  eng ine performance d a t a  have been o b t a i n e d  
w h t i c h  agree w e l l  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  a t  
r e a c t e d  f u e l  equ iva lence  r a t i o s  up t o  0.5. W i th  
t h i s  as a  beg inn ing ,  i t  i s  expected t h a t  t h e  pre-  
d i c t e d  performance can be ach ieved  a t  h i g h e r  f u e l  
equ iva lence  r a t i o s ,  when t h e  problems desc r ibed  
above a r e  reso l ved .  W i th  t h i s  accompl ished, the 
f ixed-geometry ,  a i r f r a m e - i n t e g r a t e d  s c r a m j e t  w i l l  
p r o v i d e  e f f i c i e n t  a i r b r e a t h i n g  p r o p u l s i o n  a t  Mach 
numbers above 4. 
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Center  c o n t r i b u t e d  t o  o b t a i n i n g  and a n a l y z i n g  t h e  
Mach 4  and 7  data.  Personnel o f  t he  General A p p l i e d  
Sc ience L a b o r a t o r i e s ,  I nc .  ob ta ined  and a s s i s t e d  i n  
a n a l y z i n g  t h e  Mach 4  data .  
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Fig. 13 Engine f o r c e  v a r i a t i o n  w i t h  f u e l  i n j e c t i o n  
a t  Hach 7 (no boundary l a y e r  i n g e s t i o n ) .  

Fig.  10 V e r i f i c a t i o n  o f  i n l e t  s t a r t i n g  a t  
i n l e t  l lach number 6. 
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Fig.  11 Sc ram je t  model w i t h  gas i n j e c t i o n  tubes. 
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Fig.  12 I q n i t o r  r ods  and geometry m o d i f i c a t i o n s .  
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Fig.  14 S i d e w a l l  p ressu re  and h e a t i n g  r a t e  
d i s t r i b u t i o n s  a t  s i m u l a t e d  Mach 7 
f l i g h t  c o n d i t i o n s .  
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Fig.  15 Sc ram je t  per formance a t  Mach 7 as a 
func  l i o n  o f  i n j e c t e d  f u e l  e q u i v a l e n c e  
r a t i o ,  
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Fig.  16 Sc ram je t  per formance a t  Mach 7 as a 
f u n c t i o n  o f  r e a c t e d  f u e l  e q u i v a l e n c e  
r a t i o .  
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Fig. 17 E f f e c t  o f  f u e l  e q u i v a l e n c e  r a t i o  on 
i g n i t i o n  l o c a t i o n .  
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Fig.  18 Mach 4 t e s t  sequence and measured eng ine 
fo rce .  
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Fig. 19 Sc ram je t  per formance a t  Hach 4 as a 
f u n c t i o n  o f  i n j e c t e d  f u e l  equ i va lence  
r a t i o  
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Fig.  20 Sc ram je t  per formance a t  Mach 4 as a  
f u n c t i o n  o f  a d j u s t e d  f u e l  e q u i v a l e n c e  
r a t i o .  
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Fig. 21 Comparison o f  d a t a  w i t h  t h e o r y  f o r  ground 
t e s t s .  
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F ig .  22 S c r a m j e t  n e t  i n s t a l  l e d  f l i g h t  performance. 


